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OBJECTIVE— Insulin receptor substrate-2 (IRS-2) plays an 
essential role in pancreatic islet p-cells by promoting growth 
and survival. IRS-2 turnover is rapid in primary p-cells, but its 
expression is highly regulated at the transcriptional level, espe- 
cially by glucose. The aim was to investigate the molecular mech- 
anism on how glucose regulates IRS-2 gene expression in |3-cells. 

RESEARCH DESIGN AND METHODS— Rat islets were ex 
posed to inhibitors or subjected to adenoviral vector-mediated gene 
manipulations and then to glucose-induced IRS-2 expression ana- 
lyzed by real-time PGR and immunoblotting. Transcription factor 
nuclear factor of activated T cells (NFAT) interaction with IRS-2 
promoter was analyzed by chromatin immunoprecipitation assay 
and glucose-induced NFAT translocation by immunolustochemistry. 

RESULTS — Glucose-induced IRS-2 expression occurred in pan- 
creatic islet p-cells in vivo but not in liver. Modulating rat islet 
p-cell Ga^^ influx with nifedipine or depolarization demonstrated 
that glucose-induced IRS-2 gene expression was dependent on 
a rise in intracellular calcium concentration derived from extra- 
cellular sources. Galcineurin inhibitors (FK506, cyclosporin A, 
and a peptide calcineurin inhibitor [GAIN]) abolished glucose- 
induced IRS-2 mRNA and protein levels, whereas expression of 
a constitutively active calcineurin increased them. Specific inhibi- 
tion of NFAT with the peptide inhibitor VWIT prevented a glucose- 
induced IRS-2 transcription. NFATcl translocation to the nucleus 
in response to glucose and association of NFATcl to conserved 
NFAT binding sites in the IRS-2 promoter were demonstrated. 

CONCLUSIONS — The mechanism behind glucose-induced tran- 
scriptional control of IRS-2 gene expression specific to the islet 
p-cell is mediated by the Ga^Vcalcineurin/NFAT pathway. This 
insight into the IRS-2 regulation could provide novel therapeutic 
means in type 2 diabetes to maintain an adequate functional 
mass. Diabetes 60:2892-2902, 2011 




The pancreatic p-cell plays a pivotal role in con- 
trol of metabolic glucose homeostasis by se- 
creting insulin in response to elevated glucose 
concentrations. During insulin-resistant states, 
such as in obesity, increased p-cell mass and function are 



From the ^Kovler Diabetes Center, Department of Medicine, Section of Endo- 
crinology, Diabetes and Metabolism, University of Chicago, Chicago, Illi- 
nois; and the ^Theriac Pharmaceutical Corporation, Seattle, Washington. 

Corresponding author: Christopher J. Rhodes, cjrhodes@uchicago.edu. 

Received 14 March 2011 and accepted 19 August 2011. 

DOI: 10.2337/dbl 1-0341 

This article contains Supplementary Data online at http://diabetes 
.diabetesjoumals.org/lookup/suppl/doi:10.2337/dbll-0341/-/DCl. 

© 2011 by the American Diabetes Association. Readers may use this article as 
long as the work is properly cited, the use is educational and not for profit, 
and the work is not altered. See http://creativecommons.org/licenses/by 
-nc-nd/3.0/ for details. 

See accompanying original article, p. 2883. 



critical to compensate for decreased insulin sensitivity. 
Failure of the functional (B-ceU mass to compensate for in- 
sulin resistance results in the onset of type 2 diabetes (1). 
As such, there is interest to better understand molecular 
mechanisms that regulate specific |3-ceII growth, regen- 
eration, and/or survival, which could reveal novel means 
to maintain a critical functional p-cell mass and avoid the 
onset of type 2 diabetes (2,3). 

It is established that insulin receptor substrate-2 (IRS-2) 
is required for maintaining an optimal population of 
functional p-cells and necessary for the p-cell mass to in- 
crease in compensation for peripheral insulin resistance 
(4-6). IRS-2 is a member of the IRS family of proteins, 
which are adaptor molecules that are tyrosine phosphor- 
ylated by plasma membrane associated tyrosine kinases 
(including insulin and insulin growth factor I receptors) 
(7). This tyrosine phosphorylation leads to downstream 
activation of the phosphatidylinositol 3-kinase (PI3K)/ 
protein kinase B (also known as Akt) pathway and the 
Ras/Raf-l/mitogen-activated protein kinase pathway (7,8). 
IRS-2 appears to have a uniquely important role in p-cells, 
playing a part in the control of p-cell growth and, espe- 
cially, p-cell survival (5,7). This is illustrated when com- 
paring the phenotypes of IRS-1 versus IRS-2-nuII mice 
(4,5). In IRS-l-nuII mice, there is marked insulin resistance 
(since without IRS-1, insulin signaling is impaired), but the 
P-cell mass compensates so that the animals are only 
mildly glucose-intolerant. However, in IRS-2-nuIl mice, 
where there is a similar degree of insulin resistance, the 
P-cell mass fails to compensate. Indeed, there is a marked 
loss of p-cells and decreased insulin production that leads 
to a severe diabetes state at 10 weeks of age (4). In con- 
trast, when IRS-2 expression is specifically increased in 
P-cells, IRS-2 downstream signaling is enhanced, which in 
turn promotes p-cell survival and maintains an optimal 
population of functional p-cells to avoid diabetes in vivo 
(9). As such, there has been interest in whether a means of 
increasing IRS-2 expression in p-cells may have thera- 
peutic potential to treat type 2 diabetes. However, the 
molecular mechanisms that control IRS-2 expression in 
P-cells are relatively ill defined. 

The turnover of IRS-2 in p-ceUs, at both mRNA and pro- 
tein levels, appears to be relatively rapid in having a half- 
life of only ~2 h (10). However, to counteract this, IRS-2 
expression is dynamically regulated in primary pancreatic 
islet p-ceUs by physiologically relevant stimuli, especially 
glucose (10,11). Certain peptide hormones, such as glucagon- 
like peptide 1 (GLP-1), have also been shown to specifi- 
cally upregulate IRS-2 expression (12) but are glucose 
dependent (13). As such, glucose is the major regulator of 
IRS-2 expression in p-cells. Intriguingly, glucose has been 
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FIG. 1. Specific glucose-induced regulation of IRS-2 expression in 
pancreatic islets, but not in hepatocytes in vivo. Normal C57Blk6/6J 
mice (aged 12 weeks) were fasted overnight and then subjected to an 
intraperitoneal glucose tolerance test (2 mg/g body wt) or using saline 
as a control as described (42). Pancreatic islets were isolated, and 
a liver biopsy was conducted at the 2- and 4-h time point and then 
subjected to immunoblot (IB) analysis for IRS-2 protein expression 
relative to PI3K(p85) as a loading control. A: Excursion in circulating 
glucose in the mice after a glucose (#) or saline (O) injection. 
A mean ± SE is shown (n ^ 3). 5 and C: Example IB analyses of IRS-2 
and PI3K(p85) in islets (5) and liver (C) from saline (S)- or glucose 
(G)-treated mice at 2 or 4 h are shown from two separate experiments. 
A quantification of a series of experiments is also depicted, where gray 



suggested to play a prominent role in (B-cell compensation 
for insulin resistance (14,15). But the molecular mecha- 
nism as to how glucose might control (B-cell growth and 
survival remains illusive and is only partly understood 
(16). Considering the critical role that IRS-2 plays in in- 
fluencing p-cell mass, glucose regulation of IRS-2 expres- 
sion in p-ceUs could be a major factor in maintaining an 
optimal functional mass of p-ceUs to meet the metabolic 
demand. Here, we show that speciflc glucose-induced 
increase in IRS-2 expression in primary islet (B-ceUs is me- 
diated by a Ca^^-dependent activation of Ca^Vcaknodulin- 
dependent protein phosphatase-2B (or calcineurin) and 
dephosphorylation activation of the transcription factor 
nuclear factor of activated T cells (NFAT) to drive IRS-2 
gene transcription. Considering the role that IRS-2 plays 
in p-cell mass compensation (7), our flndings complement 
recent observations that calcineurin inhibitors compromise 
both p-ceU proliferation (17) and survival (18). 



RESEARCH DESIGN AND METHODS 

Materials. Nifedipine, FK506, and cyclosporin A (CsA) were purchased from 
Sigma-Aldrich (St. Louis, MO). Anti-IRS-2 antibody was provided by Dr. M. White 
(Children's Hospital and Harvard Medical School, Boston, MA) or purchased 
from Upstate Biotechnology (Lake Placid, NY). Antibody to the p85 subunit of 
PI3K was also purchased from Upstate Biotechnology. Antibody to NFATcl 
was purchased from BD Biosciences PharMingen (San Jose, OA) and Santa 
Cruz Biotechnology. Adenovirus construct expressing luciferase was generated 
as described previously (19). Adenoviruses expressing CAIN peptide (AdV- 
CAIN) or a constitutively active form of calcineurin (AdV-CNca) were a gift 
from Dr. J.D. Molkentin (Cincinnati Children's Hospital Medical Center, 
Cincinnati, OH). Adenovirus expressing peptide VIVIT (AdV-VIVIT) was a gift 
from Dr. CM. Norris (Lexington, KY). Adenovirus expressing NFATcl (AdV- 
NFATcl) was purchased from Seven Hills Bioreagents (Cincinnati, OH). 
Animals and pancreatic islet isolation. Male Wistar rats and C57B16/6J mice 
were obtained from Charles River Laboratories (Wilmington, MA). All animal 
care, use, and experiment protocols were approved by the Institutional Animal 
and Use Committee of the University of Chicago. Rodent pancreatic islets were 
isolated by coUagenase digestion and Histopaque density gradient centrifu- 
gation as described (20). For the in vivo studies, where efficient tissue har- 
vesting was an issue, the technique was modified. Preparation and excision of 
the pancreas was conducted first; the liver was then fiushed through with 
buffer in situ, and the lobes were excised. Islets were isolated from the 
pancreas by coUagenase digestion (20) but with a shorter density gradient 
centrifugation (< 10 min) to save time. Islets were then handpicked from 
the density gradient interface as described (20). From the time of death, it 
took -12-15 min to harvest the liver and around 25 min to isolate sufficient 
pancreatic islets (—100) for subsequent immunoblot analysis of IRS-2 ex- 
pression. As such, for liver there is ~15-min delay and for islets an ~25-30-min 
delay, after the time points on the glucose/saline tolerance test. For in vitro 
studies, isolated islets were incubated in RPMI 1640 medium containing 
3 mmol/L glucose and 0.1% fatty acid-free bovine serum albumin and at 37°C, 
in 5% CO2, for 16 h before the experiment. For adenovirus infection, dis- 
persed islet cells were obtained using trypsin and DNase to obtain islet 
monolayer. 

Intraperitoneal glucose tolerance test. The C57Blk6/6J mice were fasted 
for 16 h before intraperitoneal glucose injection at a concentration of 2 mg 
glucose/g body wt. Blood glucose was measured at indicated time points using 
an AccuChek Compact Plus glucometer (Roche). 

Cell culture. The pancreatic |3-cell line INS-1 was maintained as previously 
defined (21). 

Real-time fluorescence-based reverse transcription. Total RNA was iso- 
lated using an RNeasy Plus Mini Kit from Qiagen (Valencia, CA) and quantified 
using Spectrophotometer Nanodrop 2000 (Thermo Scientific). RNA (40 ng) was 
submitted to the Power SYBR Green RNA-to-Ct 1 step kit (Applied Biosystems) 
using a ABI Prism 7700 Sequence Detector System according to the manu- 
facturer's instructions. Oligonucleotide primers used are: IRS-2, reverse. 



bars are S- and black bars are G-treated animals. Data are a mean ± SE 
(n = 3), where * indicates statistically signiflcant difference (P ^ 0.05) 
from the equivalent saline control. 
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FIG. 2. Glucose regulation of IRS-2 expression in p-cells is dependent on increased cytosolic [Ca ^]i flux. Isolated rat pancreatic islets were 
cultured overnight at normal 5.6 mmol/L glucose and then incubated at either basal 3 mmol/L igray bars^ or stimulatory 15 mmol/L {black bars^ 
glucose concentration for 6 h in presence or absence of either the voltage-sensitive L-type Ca^^-channel inhibitor nifedipine (50 juimol/L) (A and 5) 
or KCI to depolarize p-cells (30 mmol/L) (C and Z)). A and C: IRS-2 and p-actin (internal reference control) mRNA expression levels were 
measured by real-time fluorescence-based quantitative RT-PCR. The data are shown as a mean ± SE above basal 3 mmol/L glucose control, where 
* indicates statistically signiflcant difference (P ^ 0.05) at 15 mmol/L glucose in the presence of nifedipine or KCI versus control (n ^ 4). B and 
D: IRS-2 and PI3K(p85) (control) protein expression levels were analyzed by immunoblotting. Example immunoblots (IBs) are shown. Quanti- 
tative measurements are also shown as a mean ± SE, where * indicates statistically signiflcant increase at 15 mmol/L glucose compared with basal 
3 mmol/L glucose control, ** indicates statistically signiflcant inhibition in the presence of nifedipine at 15 mmol/L glucose, and *** indicates 
statistically signiflcant potentiation by KCI relative to the equivalent glucose concentration in the absence of KCI (P ^ 0.05; n ^ 4). 
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TTTCCTGAGAGAGACGmTCCA, forward, CCCCAGTGTCCCCATCCT; and 
(3-actin, reverse, GGGGTGTTGAAGGTCTCAAA, and forward, TGTCAC- 
CAACTGGGACGATA. Results are shown relative to (3-actin (control) mRNA. 
Nuclear extracts. Nuclear extracts were prepared as described by Schreiber 
et al. (22). In brief, islets were lysed in a hypotonic buffer containing proteases 
inhibitors and 0.6% (v/v) Nonidet P-40 (NP-40). The lysates were centrifuged, 
and the pellets were rocked at 4°C in a high salt buffer. After centrifugation, 
supematants containing nuclear proteins were collected. 
Immunoblot analysis. Immunoblots were performed on cell lysates from 
isolated rat islets or INS-1 cells as described previously (10). 
Chromatin immunoprecipitation assay. Chromatin immunoprecipitation 
(ChIP) assay was performed using the ChlP-IT Express kit (Active Motif, 
Carlsbad, CA). In brief, INS-1 cells were grown and then infected with various 
adenovirus constructs as indicated. Chromatin was fixed in 1% (v/v) formal- 
dehyde for 10 min before cell lysis. Nuclear pellets were extracted and then 
sheared by sonication using the Bioruptor UCD-200 from Diagenode Inc. 
(Sparta, NJ). DNA concentration from each condition was measured, and 75 jjig 
of DNA were immunoprecipitated overnight at 4°C with an antibody to 
NFATcl or Mouse IgG as a control, together with protein G-coated magnetic 
beads. Magnetic beads were washed three times, and DNA-protein complexes 
were then eluted and reversed cross-link. Both DNA isolated from ChIP and 
input corresponding to DNA aliquot not submitted to immunoprecipitation 
were analyzed by PCR using five different primer pairs (Supplementaiy Table 1). 
Immunofluorescent analysis. INS-1 pancreatic (5-cells were cultured on 
glass coverslips, and after incubation at 3 mmol/L glucose or 15 mmol/L glu- 
cose ± FK506 (10 fxmol/L) were washed with ice-cold PBS, fixed in 4% (v/v) 
paraformaldehyde/PBS for 15 min at 4°C, washed three times in PBS, and then 
permeabilized with 0.3% (v/v) Triton X-IOO/PBS for 30 min at room tempera- 
ture. Cells were then incubated with 10% donkey serum/PBS for 1 h at room 
temperature, before incubation with antibodies to NFATcl, or to insulin 
(Millipore, Billerica, MA) for 16 h at 4°C. Cells were then washed three times 
in PBS before incubation with anti-mouse or anti-guinea pig antibodies for 1 h 
at room temperature. For nuclear staining, cells were mounted with a reagent 
containing DAPI (Invitrogen, Carlsbad, CA). Slides were analyzed using con- 
focal microscopy. 

Statistical analysis. Data are presented as means ± SE. Statistical analysis 
between groups was performed using Student t test, where P < 0.05 was 
considered statistically significant. 

RESULTS 

Specific glucose-induced regulation of IRS-2 expression 
in pancreatic islets but not in hepatocytes in vivo. It has 

been shown previously that glucose can specifically increase 
IRS-2 expression in islet p-ceUs in vitro, predominately at the 
transcriptional level (10). Here, normal mice were subjected 
to an intraperitoneal glucose tolerance test using a dose of 
2 mg glucose/g body wt or saline as a control where 
excursions in blood glucose were indicated (Fig. L4). In 
islets isolated at 2 h, and more so at 4 h, after the in- 
troduction of glucose, IRS-2 protein levels were specifi- 
cally increased compared with saline-injected controls 
(Fig. IE), complementary to previous in vitro observations 
(10,11). However, in parallel experiments, no increase in 
IRS-2 expression was found in the liver (Fig. 1(7), suggesting 
that glucose regulation of IRS-2 expression may be unique 
to pancreatic |3-cells. 

Glucose regulation of IRS-2 expression in p-cells is 
dependent on increased cytosolic [Ca^^Ji flux. It has 
been indicated previously that control of glucose-induced 
IRS-2 expression in p-cells is likely Ca^^ dependent (10). It 
was investigated whether this Ca^^ dependency was based 
on an infiux of extracellular Ca^^. Specifically, blocking 
L-type voltage-dependent Ca^^ channels (L-type VDCCs) in 
isolated rat islets with the inhibitor nifedipine had little 
effect on basal IRS-2 expression at 3 mmol/L glucose, but 
prevented a 15 mmol/L glucose-induced specific increase 
in the expression of IRS-2 mRNA (P < 0.05) (Fig. 2A) and 
protein (P < 0.05) (Fig. 2E). The L-type VDCCs in p-cells 
can be opened via a depolarization of the plasma mem- 
brane (23). Depolarization of primary islet p-cells in vitro, 
by addition of 30 mmol/L KCl, resulted in a significant 



increase in IRS-2 mRNA (Fig. 2C) and protein (Fig. 2D) at 
basal 3 mmol/L glucose and further increased IRS-2 mRNA 
and protein expression levels at a stimulatory 15 mmol/L 
glucose relative to control islets. Collectively, these data 
indicate that a glucose-induced increase in p-cell cytosolic 
intracellular calcium concentration ([Ca^^]i) fiux via de- 
polarization and subsequent opening of L-type VDCCs is 
required for glucose-induced increases in IRS-2 expression 
in p-cells. 

Glucose regulation of IRS-2 expression in p-cells is 
mediated by calcineurin. A potential downstream target 
that responds to a rise in cytosolic [Ca^"^]i in p-cells is the 
Ca^7calmodulin-dependent phosphoprotein phosphatase- 
2B (or calcineurin) (24,25). To assess whether calcineurin 
was involved in specific glucose regulation of IRS-2 ex- 
pression, we used two immunosuppressive drugs, FK506 
(also named tacrolimus) and CsA that specifically inhibit 
calcineurin activity (26). In the presence of FK506, glucose- 
induced IRS-2 mRNA and protein levels were significantly 
inhibited by -90% in rat islets (P < 0.05) (Fig. 3A and E). 
Likewise, CsA blocked glucose-induced IRS-2 protein 
levels compared with control rat islets (P < 0.05) (Fig. 2(7). 
It is noteworthy that neither FK506 nor CsA significantly 
affected islet IRS-2 mRNA or protein expression levels 
at basal 3 mmol/L glucose (Fig. 3A-(7), indicating that 
calcineurin only mediated glucose-induced regulation of 
IRS-2 expression in islet p-cells. An alternative, more 
specific, inhibition of calcineurin was examined using 
recombinant adenovirus (AdV-CAIN), which expresses an 
endogenous peptide inhibitor of calcineurin activity (CAIN) 
(25,27). In AdV-CAIN-infected rat islets, glucose-induced 
IRS-2 mRNA and protein expression were significantly 
inhibited >90% (P < 0.05) compared with control islets 
infected with a recombinant adenovirus expressing Firefiy 
luctferase (AdV-FLuc) (Fig. 3D and E). There was no ap- 
parent effect on IRS-2 mRNA or protein expression by 
inhibiting calcineurin with AdV-CAIN at basal 3 mmol/L 
glucose (Fig. 3Z) and E). Islets were also infected with 
a recombinant adenovirus expressing a constitutively acti- 
vated variant of calcineurin (AdV-CNCa). In AdV-CNca- 
infected islets there was a significant increase in IRS-2 
mRNA and protein expression at basal 3 mmol/L glucose 
that was further augmented at a stimulatory 15 mmol/L 
glucose concentration compared with AdV-FLuc-infected 
control islets (Fig. 3P and G). Collectively, these data show 
that calcineurin is required to control glucose-induced IRS-2 
expression in rat islets. 

Glucose regulation of IRS-2 expression in P-cells is 
mediated by NFAT. The NFAT family of transcription 
factors is known to be activated by the Ca^Vcalcineurin 
pathway (28). To assess whether NFAT plays a role in IRS-2 
expression, AdV-VIVIT, a synthetic peptide preventing 
NFAT activation by calcineurin without affecting phospha- 
tase activity of calcineurin, was used (29). In AdV-VTVLT- 
infected rat islets the specific glucose-induced increase in 
IRS-2 mRNA levels was significantly decreased by —75% 
compared with control AdV-FLuc-infected islets (P < 0.05) 
(Fig. 4A). Likewise, the glucose-induced increase in IRS-2 
protein levels was effectively blocked in AdV-VIVIT- 
infected rat islets compared with AdV-FLuc-infected 
control islets (P < 0.05) (Fig. 45). VIVIT had no effect on 
IRS-2 mRNA or protein levels at basal 3 mmol/L glucose 
(Fig. 4A and E), indicating that this was specific for glucose- 
induced regulation of IRS-2 mRNA/protein expression in 
islet p-cells. To further investigate NFAT-mediated control 
of IRS-2 expression, the effect of increasing ectopic 
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FIG. 3. Glucose regulation of IRS-2 expression in p-cells is mediated by calcineurin. Isolated rat pancreatic islets were cultured overnight at 
normal 5.6 mmol/L glucose and then incubated at either basal 3 mmol/L or stimulatory 15 mmol/L glucose concentration for 6 h in presence or 
absence of calcineurin inhibitors FK506 (10 juimol/L) (A andB) or CsA (10 juimol/L) (C). A: IRS-2 and p-actin (internal reference control) mRNA 
expression levels were measured by real-time fluorescence-based quantitative RT-PCR. B and C: IRS-2 and PI3K(p85) (control) protein ex- 
pression levels were analyzed by immunoblotting, where an example immunoblot (IB) is shown. Quantitative measurements are also shown as 
a mean ± SE above basal 3 mmol/L glucose control, where * indicates a statistically signiflcant increase at 15 mmol/L glucose and ** indicates 
a statistically signiflcant difference at 15 mmol/L glucose in the presence of FK506 or CsA versus control (P ^ 0.05; n ^ 4) (A-C^. Isolated rat 
pancreatic islets were also infected with a recombinant AdV-CAIN (Z) and £'), AdV-CNca (F and G^, or AdV-FLuc and cultured overnight at normal 



2896 DIABETES, VOL. 60, NOVEMBER 2011 



diabetes, diabetesj ournals. org 



D. DEMOZAY AND ASSOCIATES 



expression of NFATcl isoform on IRS-2 expression in rat 
islets using an adenovirus AdV-NFATcl was examined. In 
AdV-NFATcl-infected INS-1 cells (Fig. 5A) and rat islets 
(Fig. 5(7), there was an approximate twofold increase in 
specific IRS-2 mRNA expression at basal 3 mmol/L glu- 
cose compared with respective AdV-FLuc-infected control 
INS-1 or rat islets (P < 0.05), which was further enhanced 
at 15 mmol/L glucose (Fig. 5A and (7). A complementary 
increase in IRS-2 protein expression was observed at basal 
3 mmol/L glucose in AdV-NFATcl-infected INS-1 cells (Fig. 
5B) and rat islets (Fig. 5D) compared relative to AdV-FLuc- 
infected control rat islets. Taken together, these results 
demonstrate that NFATcl is implicated in the regulation of 
glucose-induced IRS-2 expression in |3-ceUs. 
NFATcl binds to rat IRS-2 gene promoter in P-cells. 
NFAT transcription factors bind to a consensus sequence 
(GGAAA) in target genes promoter to transactivate gene 
expression. Bioinformatic analysis of the first 3,020 bp of 
rat IRS-2 promoter (using a basic local alignment search 
tool [BLAST] search) indicated the presence of nine po- 
tential NFAT binding consensus sequences (Fig. 6A). To 
test whether NFATcl binds to these consensus sequences, 
we conducted a ChIP assay using chromatin from INS-1 
P-cells expressing NFATcl or FLuc as a control, using AdV- 
NFATcl and AdV-FLuc, respectively. Oligonucleotide DNA 
primers (Supplementary Fig. 1) were used to amplify spe- 
cific regions containing NFAT binding sites on the IRS-2 
promoter as indicated: sites A, sites B and C together, site D, 
site E, or sites F through to I together (Rg. 6A). Significant 
NFATcl binding to sequences containing NFAT binding 
sites A, B/C, and D in the IRS-2 promoter was increased 
in AdV-NFATcl-infected cells compared with AdV-FLuc- 
infected control ceUs (P < 0.05) (Fig. 6B and C). This binding 
was specific for NFATcl, since nothing was detected in 
rabbit IgG immunoprecipitated controls (Fig. 65). These 
results suggest that the four NFAT consensus binding se- 
quences proximal to the transcriptional start site on the 
endogenous IRS-2 promoter (sites A-D) are indeed binding 
sites for NFATcl to control IRS-2 expression. The putative 
NFAT binding motifs more distal to the transcriptional start 
site on the IRS-2 promoter (sites E-I) (Fig. 6A) are not 
specifically recognized by NFATcl. Intriguingly, the NFAT 
binding sites A and D in the IRS-2 promoter are highly 
conserved across mammalian species, including human 
(Supplementary Fig. 1). 

Glucose induces NFATcl translocation from cytosol 
to nucleus in P-cells. NFAT activity is tightly regulated 
by calcineurin, which induces its activation by dephos- 
phoiylation, leading to NFAT translocation from the cytosol 
to the nucleus (30). By contrast, phosphorylated NFAT has 
negligible transcriptional activity and is retained in the cy- 
tosol. It was found that a 15 mmol/L stimulatory glucose 
concentration caused specific accumulation of NFATcl to 
the nucleus of isolated rat islets and INS-1 cells, and this 
glucose-induced translocation of NFATcl to the nucleus was 
prevented in the presence of FK506 (Fig. 7A and E). In com- 
plementary experiments in INS-1 ceUs, immunofiuorescent 
staining of NFATcl revealed that NFATcl was mainly 



localized in the cytosolic compartment at basal 3 mmol/L 
glucose (Fig. 7(7). In contrast, NFATcl was mostly localized 
in the nucleus at 15 mmol/L stimulatory glucose concen- 
tration (Fig. 7(7). Moreover, this glucose-induced trans- 
location of NFATcl from the cytosol to the nucleus of 
INS-1 cells was completely blocked in the presence of 
FK506 (Fig. 7(7). Collectively, these data indicate that 
15 mmol/L stimulatory glucose induces the translocation 
of NFATcl from the cytosolic compartment to the nucleus 
of islet p-cell in a calcineurin-dependent manner. 



DISCUSSION 

Pancreatic (B-cells are highly regulated by certain nutrients, 
peptide hormones, neurotransmitters, and pharmacologi- 
cal compounds, but the most physiologically relevant of 
these is glucose (31). Glucose metabolism is required to 
generate secondary signals that in turn control many of the 
normal functions of p-cells including insulin secretion, 
(pro)insulin production, adaptive |3-cell growth, and sur- 
vival (31). IRS-2 also is key to |3-cell survival and com- 
pensatory growth in response to an increased metabolic 
load (4,6,7). IRS-2 turns over relatively rapidly in p-cells 
(10), but this is compensated for by IRS-2 expression being 
highly regulated at the transcriptional level, especially by 
glucose (10) and a glucose-dependent potentiation by 
incretins like GLP-1 (12). This glucose-mediated regulation 
of IRS-2 expression in islet p-cells occurs in vivo and is 
possibly unique to p-cells, since it is not found in other 
nutrient-sensing organs such as the liver (Fig. 1). 

Here we show that the mechanism behind specific glucose- 
induced transcriptional regulation of IRS-2 expression in 
pancreatic p-cells (10) is predominately mediated by a 
Ca^Vcalcineurin/NFAT signaling pathway. It is well estab- 
lished that an elevation in circulating blood glucose leads to 
increased p-ceU glucose metabolism, which then raises the 
ATP-to-ADP ratio. This results in closing ATP-sensitive 
channels, depolarization of the p-cell plasma membrane, 
opening of voltage-sensitive L-type Ca^"^ channels, and an 
influx of Ca^^ into the p-ceU that rapidly raises cytosolic 
[Ca^^]i (32). This is the principal signaling mechanism that 
leads to triggering insulin secretion from p-cells in response 
to elevated glucose (33,34). However, increased cytosolic 
[Ca^"^]i can also activate other signal transduction pathways 
in p-ceUs, including the Ca^Vcaknodulin-dependent activa- 
tion of calcineurin (also known as protein phosphatase-2B). 
There are two isoforms of calcineurin, but only the p-isoform 
of calcineurin is expressed in pancreatic islet p-cells (25). 
Once calcineurin-p is activated in p-cells, it can dephos- 
phorylate NFAT transcription factors, which are then 
activated and translocate from the cytosol to the nucleus 
where they bind to consensus NFAT binding elements 
(GGAAA) on certain gene promoters to specifically enhance 
their transcription (28). Here, glucose-induced increases 
in p-cell IRS-2 mRNA were paralleled by a complementary 
increase in IRS-2 protein levels, reaffirming this regulation 
was mediated at the transcriptional level (10). Moreover, 
our data are consistent with Ca^Vcalcineurin/NFAT 



5.6 mmol/L glucose. Afterward, the adenovirally infected islets were then incubated at either basal 3 mmol/L or stimulatory 15 mmol/L glucose 
concentration for 6h.D and F: IRS-2 and p-actin (internal reference control) mRNA expression levels were measured by real-time fluorescence- 
based quantitative RT-PCR. E and G: IRS-2 and PI3K(p85) (control) protein expression levels were analyzed by immunoblotting, where an ex- 
ample immunoblot is shown. The data are shown as a mean ± SE above basal 3 mmol/L glucose control, where * indicates a statistically significant 
increase at 15 mmol/L glucose above basal 3 mmol/L glucose, ** indicates a statistically significant inhibition with AdV-CAIN versus AdV-FLuc- 
infected control islets at 15 mmol/L glucose, and *** indicates a statistically significant increase in AdV-CNca-infected versus AdV-FLuc-infected 
control islets at the respective 3 and 15 mmol/L glucose concentrations (P ^ 0.05; w ^ 4) (Z)-6r). 
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FIG. 4. Glucose regulation of IRS-2 expression in p-cells is decreased 
when NFAT is specifically inhibited. Isolated rat pancreatic islets were 
infected with a recombinant adenovirus expressing a specific peptide 
inhibitor of NFAT, AdV-VIVIT, or with AdV-FLuc and cultured overnight 
at normal 5.6 mmol/L glucose. Afterward, the adenovirally infected 
islets were then incubated at either basal 3 mmol/L or stimulatory 15 
mmol/L glucose concentration for 6 h. A: IRS-2 and p-actin (internal 
reference control) mRNA expression levels were measured by real-time 
fluorescence-based quantitative RT-PCR. B: IRS-2 and PI3K(p85) 
(control) protein expression levels were analyzed by immunoblotting, 
where an example immunoblot (IB) and quantitative measurements are 
shown. The data are shown as a mean ± SE above basal 3 mmol/L 



signaling being required for specific glucose-induced in- 
crease in IRS-2 expression in (B-cells. Depolarization of the 
p-cell enhanced islet p-cell IRS-2 mRNA/protein expres- 
sion, whereas blocking the rise in p-cell cytosolic [Ca^^]i 
with voltage-sensitive L-type Ca^ ^-channel inhibitors pre- 
vented the glucose-induced increase in IRS-2 mRNA/pro- 
tein expression. Calcineurin inhibitors (FK506, CsA, and 
CAIN) specifically prevented glucose-induced increase in 
IRS-2 mRNA/protein expression and, in contrast, a consti- 
tutively activated calcineurin variant increased islet (B-cell 
IRS-2 mRNA/protein expression. Calcineurin inhibitors also 
prevented a glucose-induced translocation of NFAT from 
the p-ceU cytosol to the nucleus. Inhibition of NFAT by 
VIVIT prevented the specific increase in p-cell IRS-2 mRNA/ 
protein expression by glucose, and adenoviral-mediated 
increase in NFATcl expression enhanced islet p-cell IRS- 
2 mRNA/protein expression. NFATcl was also shown to 
specifically associate to certain NFAT binding elements in 
the p-ceU endogenous IRS-2 promoter, proximal to the 
transcriptional start site. 

Specific inhibition of Ca^^ infiux, calcineurin, and/or 
NFAT activation had minimal effect on IRS-2 mRNA/protein 
expression at basal 3 mmol/L glucose, despite effectively 
blocking glucose-induced IRS-2 expression in islet |3-ceUs. 
But because a need for (B-cell glucose metabolism was 
bypassed, such as causing depolarization of the (B-cell, 
expression of activated calcineurin, or forced expression 
of NFATcl, an increased expression of IRS-2 mRNA/protein 
at basal 3 mmol/L glucose could be observed. However, 
under normal circumstances glucose does not control basal 
IRS-2 expression. Indeed, we have also shown that basal 
IRS-2 expression in (B-ceUs is independent of glucose and 
mostly controlled by forkhead box class O (FoxO) tran- 
scription factors (35). The Ca^Vcalcineurin/NFAT signaling 
is only directed at glucose-induced control of IRS-2 ex- 
pression in p-cells. This has important implications for 
the glucose-dependent aspect of GLP-l-mediated tran- 
scriptional regulation of IRS-2 expression in (B-ceUs via the 
cAMP-response element binding protein (CREB) (12). The 
CREB transcription factor interacts with CREB-regulated 
transcriptional coactivator-1 (CRTC-1), which is also acti- 
vated by Ca^Vcalcineurin-mediated dephosphorylation (36). 
Thus Ca^Vcalcineuiin can coordinate CRTC-l/CREB acti- 
vation, in parallel to that for NFAT, rendering the glucose- 
dependent aspect for potentiating IRS-2 expression in 
P-ceUs by incretins, such as GLP-1 (13). 

We have found that NFATcl can specifically associate to 
conserved NFAT binding elements in the IRS-2 promoter. 
However, it should be noted that NFATcl was used only as 
a model member of the NFAT family of transcription fac- 
tors to implicate Ca^Vcalcineurin/NFAT signaling in glucose- 
induced control of IRS-2 expression in p-ceUs. Although 
NFATcl has been implicated in glucose-mediated tran- 
scriptional control of important (B-cell genes, such as Pdx-1, 
glucokinase, and insulin (17,37), it cannot be ruled out that 
other NFAT isoforms are involved in glucose-induced regu- 
lation of p-ceU IRS-2 gene transcription. Moreover, NFAT- 
mediated control of IRS-2 gene transcription is likely to be 
complex and require additional ^rans-acting factor partners 
to help efficiently drive IRS-2 gene transcription, which 



glucose control, where * indicates a statistically significant increase 
at 15 mmol/L glucose above basal 3 mmol/L glucose and ** indicates 
statistically significant decrease at 15 mmol/L glucose in AdV-VIVIT- 
infected versus AdV-FLuc-infected control islets (P ^ 0.05; n ^ 4) 
{A and 5). 



2898 DIABETES, VOL. 60, NOVEMBER 2011 



diabetes, diabetesj ournals. org 



D. DEMOZAY AND ASSOCIATES 



5i 



~ CO 

c w 

CD E 
o >fc 

< 

o 1 
u- E 



2- 



0. 

Glucose (mM; 
Adenovirus 



T 



01 



4- 



2- 



co 3-1 

c w -I 

oE 

03 E 
0) o 

O 'fc -| 

■-< . 

u- E 



0- 



3 15 3 15 Glucose (mM) 
FLuc FLuc NFATd NFATcl Adenovirus 



FLuc FLuc NFATd NFATd 



B 



IB:IRS-2 



IB:PI3Kp85 
6i 




CO ^ 

a: _ 

— 03 

c w 

— 03 

03 E 
0) O 

o 

-a 0) 

o o 

u- Q. 1 - 



5- 



4- 



3- 



0 



T 



T 




Glucose (mM): 3 15 3 15 
Adenovirus: FLuc FLuc NFATcl NFATcl 



IB:IRS-2 



IB:PI3Kp85 



CO 

a: _ 

— 03 
C CO 

— 03 

03 E 
0 O 

o 

c C 
-D 'S 

o o 

U- Q. 



4i 



3- 



2- 



0 



I. 



T 




Glucose (mM): 3 15 3 15 
Adenovirus: FLuc FLuc NFATcl NFATcl 



FIG. 5. Glucose regulation of IRS-2 expression in p-cells is enhanced by increased expression of NFATcl. INS-1 p-cells {A and C) or isolated rat 
pancreatic islets (^B andZ>) were infected with AdV-NFATcl or with AdV-FLuc and cultured overnight at normal 5.6 mmol/L glucose. Afterward, the 
adenovirally infected INS-1 p-cells or islets were then incubated at either basal 3 mmol/L or stimulatory 15 mmol/L glucose concentration for 6 h. 
A and C: IRS-2 and p-actin (internal reference control) mRNA expression levels were measured by real-time fluorescence -based quantitative RT- 
PCR. The data are shown as a mean ± SE, where * indicates a statistically significant increase at 15 mmol/L glucose above basal 3 mmol/L glucose 
and ** indicates a significant increase in AdV-NFATcl-infected islets versus AdV-FLuc-infected control islets at respective glucose concentrations 
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may include activation protein- 1 (AP-1), CCAAT-enhancer- 
binding protein (C/EBP), myocyte enhancer factor-2 (MEF2), 
musculoaponeurotic fibrosarcoma oncogene homolog A 
(MafA), or peroxisome proliferator-activated receptor-7 
(PPAR7) (30). However, very few NFAT transcriptional 
partners have been described in islet p-cells, and addi- 
tional experimentation will be required to identify which 
are the key NFAT coactivators required for glucose-induced 
control of IRS-2 expression specific to (B-cells. 



The Ca /calcineurin/NFAT signaling in islet |3-cells has 
been implicated to be important for (B-cell survival, at 
least in part, via control of IRS-2 expression (18). Here, 
we show that Ca^Vcalcineurin/NFAT activation is required 
for the glucose-induced increases in IRS-2 expression in 
p-cells that correlates with previous observations where 
normal physiological fiuctuations in glucose have positive 
effects on (B-ceU survival (38). In addition, Ca^Vcalcineurin/ 
NFAT signaling has been implicated as an important 
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contributor to the regulation of |3-cell proliferation and 
function (17,39). Moreover, Ca^Vcalmodulin activation 
of calcineurin is critical for important p-cell functions, such 
as insulin secretory granule transport and the second 
phase of glucose-induced insulin secretion (25). It is likely 
that Ca^Vcalcineurin/NFAT signaling, together with regula- 
tion of IRS-2 expression in p-ceUs, makes an important 
contribution for the upregulation of (B-ceU functional mass to 
compensate for insulin resistance and increased metabolic 
load found in nondiabetes obesity (1). Intriguingly, calci- 
neurin inhibitors (e.g., tacrolimus/FKSOG and CsA) are com- 
monly used as immunosuppressants in organ transplantation, 
and a frequent complication of their use is acquired post- 
transplant diabetes mellitus (PTDM). It is thought that PTDM 
is symptomatic of the long-term use of calcineurin inhibitors 
that compromises (B-ceU function, growth, and survival (40). 
This idea is corroborated by the findings of this study that 
show Ca^Vcalcineurin/NFAT signaling is required for gluco- 
se-induced control of IRS-2 expression specifically in (B-ceUs, 
and without this regulatory mechanism p-cell survival is 
compromised (18). However, it should also be noted that 
Ca^^/calcineurin/NFAT signaling must be tightly con- 
trolled in p-cells since uncontrolled chronic activation of 
calcineurin in p-cells can also lead to decreased (B-cell 
mass and hyperglycemia (41). 



In summary, we have found the mechanism behind 
glucose-induced transcriptional control of IRS-2 gene ex- 
pression in islet p-ceUs is mediated by the Ca^Vcalcineurin/ 
NFAT pathway. Calcineurin/NFAT is an important axis in 
the functional adaptation of the (B-cell to changes in 
metabolic demand. Considering the pivotal role that 
control of IRS-2 expression plays p-cell growth and sur- 
vival (1,7), the identification of this pathway behind 
a regulation of IRS-2 expression in p-cells may represent 
a new therapeutic means of maintaining a functional 
P-cell mass that could avoid the onset of type 2 diabetes. 
For example, it introduces the concept that calcineurin 
activators could be beneficial to (B-cells via upregulating 
IRS-2 expression and maintaining their survival. How- 
ever, such hypothetical compounds would have to be 
relatively short acting in vivo to prevent chronic immune 
side effects (40) or overstimulate the (B-cell (41). On the 
other hand, considering that calcineurin inhibitors are 
particularly detrimental to p-cell function and survival in 
PTDM (18,25), and glucose did not increase IRS-2 ex- 
pression in the liver (Fig. 1), short-acting calcineurin 
activators have potential to be relatively selective toward 
P-cells. However, for the moment, this is speculative, and 
only future studies will reveal whether such an approach 
that exploits the mechanism of glucose-induced IRS-2 
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expression in |3-cells emerges and proves to be effective 
therapeutically. 
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